This study was undertaken to determine if the relative resistance of neonates and infants to Clostridium difficile-associated intestinal disease can be related to age-dependent differences in intestinal receptors for C. difficile toxins A and B. Brush border membranes (BBMs) from the small intestines of adult and infant hamsters were examined for their ability to bind radiolabeled toxins A and B. ['251]toxin A bound to both infant and adult hamster BBMs at physiological temperature, whereas ('25lJtoxin B did not bind to the BBMs under any of the conditions examined. The number of ['251]toxin A molecules bound at saturation was approximately 4 x 1010 per ,ug of membrane protein for adult BBMs and 1 x 101l per ,ug of membrane protein for infant BBMs. Scatchard plot analysis suggested the presence of a single class of toxin A binding sites on both infant and adult hamster BBMs. Maximal binding capacity and Kd values were 0.63 pmol/mg of protein and 66.7 nM, respectively, for the infant BBMs, and 0.24 pmol/mg of protein and 27 nM, respectively, for the adult BBMs. Sodium dodecyl sulfate-polyacrylamide gel electrophoretic analyses of extracted BBM proteins revealed differences in the proteins of infant and adult BBMs. However, there were not any detectable differences in the protein bands which bound [1251Jtoxin A between infant and adult hamsters. The results from these investigations indicate that differences in the binding kinetics of toxins A and/or B to infant and adult hamster BBMs do not account for the observed differences in their susceptibility to C. difficile-associated intestinal disease.
The pathogenic role of Clostridium difficile in the etiology of antimicrobial agent-associated intestinal disease is well established. C. difficile is the cause of essentially all cases of pseudomembranous colitis, a severe and life-threatening disease, and approximately 20% of cases of less severe intestinal disease including antimicrobial agent-associated nonspecific colitis or diarrhea without colitis (4, 14) . The underlying basis for these intestinal diseases is a disruption of the normal intestinal microbial flora which affords toxigenic C. difficile the opportunity to multiply and obtain high numbers in the gastrointestinal tract (47) . C. difficile produces two biochemically and immunochemically distinct toxins which appear to play important roles in the pathogenesis of this microorganism (9, 23, 26, 28) . These toxins are referred to as toxin A (enterotoxin) and toxin B (cytotoxin).
During the last several years it has been documented that C. difficile intestinal colonization and toxin production occur in both the presence and absence of disease (38) . Asymptomatic intestinal colonization is particularly evident in human infants, where greater than 50% of infants less than 1 year of age are colonized asymptomatically with toxigenic C. difficile (38) . Intestinal carrier rates for C. difficile decline to approximately 30% during the second year of life, a carrier rate still significantly higher than the average 2% reported to occur in the healthy adult population (38) . Concentrations of C. difficile and toxins A and B in the feces of healthy infants are frequently similar to concentrations found in the intestinal tracts of adults with clinical manifestations of C. difficileassociated intestinal disease (33, 38) . The factors which permit asymptomatic intestinal colonization of newborns and infants by toxigenic C. difficile remain to be elucidated, although a number of mechanisms have been proposed. For example, in many animal species, the small intestine epithelial cells undergo marked developmental changes during postnatal development. Postnatal age has a significant influence on the appearance of mucosal receptor proteins for bacterial toxins as well as the types of intestinal diseases which occur (6, 22, 30, 38) . However, it is not known if developmental changes occur in the intestinal tract of humans that influence the degree of binding of C. difficile toxins A and B.
The investigations in this study were designed to determine if the relative resistance of neonates and infants to C. difficile-associated intestinal disease can be related to agedependent differences in intestinal receptors for C. difficile toxins A and B. Brush border membranes (BBMs) from the small intestines of adult and infant hamsters were examined for their ability to bind radiolabeled toxins A and B. The hamster model of C. difficile-associated diarrhea has been recognized on several grounds as the most appropriate animal model for diarrhea caused by toxigenic C. difficile (2, 35) . Adult hamsters treated with antimicrobial agents consistently develop an intestinal disease similar to pseudomembranous colitis in humans (35) . On the other hand, infant hamsters have an age-dependent susceptibility to asymptomatic enteric C. difficile colonization similar to the restricted age distribution of human newborn asymptomatic colonization (40, 41) . The similarities between symptomatic and asymptomatic C. difficile intestinal colonization of hamsters and humans suggest that the results obtained with the hamster model will directly aid in our understanding of C. difficile-associated disease in humans. (17, 18, 28, 42) . Briefly, 72-h dialysis bag culture filtrates of this highly toxigenic strain of C. difficile were subjected to positive-pressure ultrafiltration through an XM-100 (100,000-molecular-weight cutoff; Amicon Corp., Lexington, Mass.) membrane filter. The retentate was then fractionated on a Sepharose CL-6B (Pharmacia Fine Chemicals, Uppsala, Sweden) column, and the fractions displaying cytotoxicity to HeLa tissue culture cells were pooled. Toxins A and B present in the pooled fractions were separated by DEAE-Sepharose CL-6B ion-exchange chromatography with step gradient elutions at 0.25 and 0.45 M NaCl, respectively. The separated toxins were further purified by DEAE-Sepharose CL-6B ion-exchange chromatography and NaCl linear gradients. In the last step, toxin A was further purified on a thyroglobulin affinity column (20) .
MATERIALS AND METHODS

Purification
The homogeneity of purified preparations of C. difficile toxins A and B were characterized as described previously by the (15) . None of the hamsters used in these investigations were colonized with C. difficile.
Preparation of hamster BBMs. BBMs were prepared from the small intestines of 7-day-old infant and adult hamsters by a modification of previously described methods (3, 16) . To obtain a sufficient yield of brush borders from 7- Characterization of BBMs. The purity of the BBMs was evaluated morphologically by examination under phasecontrast microscopy and biochemically by comparing the specific activities of sucrase, lactase, and alkaline phosphatase with those in the initial homogenate. Sucrase and lactase activities were determined by the measurement of liberated glucose during hydrolysis of sucrose or lactose, respectively, by using a glucose oxidase reagent (7). Alkaline phosphatase was assayed as described by Ray (37).
Binding of radiolabeled toxins A and B to hamster BBMs. The binding of radiolabeled C. difficile toxins A and B to infant and adult hamster BBMs was assayed indirectly by determining the amount of residual, unbound radiolabeled toxin present after incubations were completed. Binding assays were performed in 1.5-ml polypropylene microcentrifuge tubes which were treated overnight at 4°C with 1 ml of MEM (Eagle minimum essential medium with L-glutamine; Whittaker Bioproducts, Inc., Walkersville, Md.) containing 2% bovine serum albumin. Toxin and BBM preparations were quickly thawed and diluted to give the desired protein concentrations in MEM containing 0.2% bovine serum albumin. Unless otherwise stated, the binding assays were For each experiment, controls were done in which BBMs were replaced by the same volume of buffer; these controls were processed as described for samples and counted to determine the nonspecific binding of radiolabeled toxin to the microcentrifuge tubes. Under these conditions, binding of the labeled toxins to the microcentrifuge tubes was less than 1% of the added radioactivity. of unlabeled toxin to duplicate reaction mixtures prepared as described above. Residual counts under these conditions were subtracted from counts obtained in the absence of unlabeled toxin. Nonspecific toxin binding to infant and adult BBMs consistently accounted for less than 10% of BBM bound radioactivity. All toxin binding data are presented as specifically bound radioactivity.
SDS-PAGE of BBM proteins. BBM preparations (10 ,ug of protein) from infant and adult hamsters were diluted 1:1 (vol/vol) with Tris buffer (0.25 M, pH 6.8) containing 4% (wt/vol) sodium dodecyl sulfate (SDS) and 10% (vol/vol) 2-mercaptoethanol. The samples were heated at 100°C for 5 min and then centrifuged at 16,000 x g for 1 min. The supernatants were then subjected to SDS-PAGE by utilizing a 7.5% lower gel and an upper stacking gel essentially as described by Laemmli (21) . On each gel, the same amount of BBM protein from animals of different ages was used. After electrophoresis, the gels were fixed and stained with Coomassie brilliant blue R-250 as previously described (39) .
Autoradiography of toxin-BBM protein interactions. BBM proteins, extracted and separated by SDS-PAGE as described above, were transferred electrophoretically to nitrocellulose membranes essentially by the procedure of Towbin (44) . After transfer, the membranes were washed in phosphate-buffered saline (PBS; 0.01 M, pH 7. Statistical analysis. The Student's t test for differences between independent means was used to evaluate statistical differences between toxins binding to infant and adult BBMs. RESULTS Purified toxin characteristics. As previously reported, at the final stages of the purification process, toxins A and B were biochemically and immunologically distinct (17, 18) .
The enterotoxic, cytotoxic, and lethal activities of the purified toxins were within the range of values reported previously for toxins A and B (26, 27, 42 Table 1 shows the alkaline phosphatase-, sucrase-, and lactase-specific activities in the final infant and adult BBM preparations. In all cases, these marker enzymes were enriched at least 10-fold, compared with the initial crude homogenate. Enrichments of these enzymatic activities are in close agreement with previous reports (7, 8, 13 Fig. 4 . Scatchard analysis of the data was performed by using the least-squares-fit computer program LIGAND as described by Munson and Rodbard (31) and modified (Elsevier-Biosoft, Cambridge, United Kingdom) for use on a Macintosh computer (12, 43) . (19) . The binding of [12511] toxin B in the presence of unlabeled toxin A was also examined since previous investigations in adult hamsters indicated that toxins A and B may act synergistically in the intestinal tract to cause disease (27, 42) . It was postulated that toxin A possibly facilitates the uptake of toxin B from the intestinal tract into the bloodstream (27 difficile-associated intestinal disease. C. difficile-induced intestinal disease in the hamster is mainly confined to the cecum, where C. difficile primarily multiplies and produces toxin. It may be that the C. difficile toxin receptors in the small intestine differ from the toxin receptors in the cecum. However, the ileum also displays some pathology, and, furthermore, exposure of the small intestine to toxin A will result in intestinal damage. It is also possible that the number of relevant toxin receptors and the affinity of these receptors for C. difficile toxins may be quite different at 37°C than they are at 4°C, the incubation temperature used in this investigation.
Interaction between C. difficile toxins and intestinal mucus may play a role in asymptomatic C. difficile intestinal colonization. The mammalian gastrointestinal tract is lined with a continuous layer of mucus which forms a physical barrier between the underlying mucosa and potentially harmful substances in the lumen (34) . Little is known about the function of the intestinal mucus in the pathogenesis of diarrheal disease. However, before an enteric pathogen and/or their toxins bind to the small intestine, they must interact with the small bowel mucous layer. It is possible that in infant hamsters (and humans) there is an inhibition of a toxin A epithelial receptor by a mucous analog. Maturation of the animal may reduce or eliminate this analog, resulting in increased susceptibility to C. difficile-associated intestinal disease. The masking of receptors has also been proposed as a mechanism for the relative resistance of some species of animals (e.g., rats and mice) to C. difficile-induced intestinal disease (19, 25) . Studies to define the interaction of mucus with C. difficile toxins are needed to understand the role the mucus may play in protecting the host. 
